In this paper, a relative humidity (RH) and temperature sensing scheme with high sensitivity based on an optoelectronic oscillator (OEO) is proposed and experimentally demonstrated. A polyvinyl alcohol-Fiber Bragg grating-Fabry Perot (PVA-FBG-FP) filter, in which the PVA film acts as an RH-strain transducer, is employed in the OEO to implement a single passband microwave photonic filter (MPF). In the OEO loop, the oscillating frequency is determined by the center frequency of the PVA-FBG-FP filter and the laser source. When the external RH or temperature changes, the central wavelength of PVA-FBG-FP filter is shifted, leading to the change in the center frequency of the MPF. By simply monitoring the variation of oscillating frequency using an electrical spectrum analyzer or a digital signal processor, the measurements for the RH and temperature can be achieved. In the experiment, the sensitivities of the RH and temperature are measured to be as high as 508.3 MHz/%RH and 1.8118 GHz/ • C, respectively.
I. INTRODUCTION
Humidity sensing plays a significant role in many industrial applications, such as pharmaceutical production [1] , food process and storage [2] , agriculture [3] , construction industry [4] and some medical fields [5] . All of these processes require continuous humidity monitoring and controlling, and some industries require that the humidity change not exceed 5% of the specified level. The relative humidity (RH), which is defined as the ratio of the partial water vapor pressure to the saturation water vapor pressure at a specific temperature, is the most widely used parameter for the humidity sensing applications. Various of devices have been investigated for the RH sensing, including mechanical hygrometer, chilled mirror The associate editor coordinating the review of this manuscript and approving it for publication was Nianqiang Li . hygrometer, wet and dry bulb psychrometer and electronic element (i.e., resistive and capacitive ones). However, the existing approaches are either having the drawbacks of long response time, low sensitivity, or electromagnetic interference and wiring problems in the measurement environment, which greatly limit the devices to work in some special harsh conditions.
Recently, the fiber-optic RH sensors have attracted increasing research interests since they can offer great advantages over the traditional RH sensors such as compact size, durability, corrosion free, the possibility of working in harsh environments and immunity to electromagnetic interference. The fiber-optic RH sensors are usually realized by coating the moisture sensitive films on some fiber structures including the fiber grating [6] - [8] , mode interferometer [9] , Fabry Perot cavity [10] and Sagnac interferometer [11] . Generally, the moisture sensitive coating used in the RH sensor is a kind of hydrophilic material whose effective refractive index or the volume will change with the external humidity levels. Several schemes have been proposed for the RH sensing by coating a fiber-optic sensor with moisture sensitive material [12] , [13] , such as polyimide, polyvinyl alcohol (PVA) and polymethyl methacrylate, where the change of the volume/effective refractive index of the moisture sensitive material resulting from the external RH is converted into some effect on the fiber structures. However, the fiberoptic RH sensing are usually performed by monitoring the changes in optical power or the shifts in wavelength using an optical spectrum analyzer (OSA). Due to the relatively poor resolution and low scanning rate of OSA, the RH sensors based on the optical fiber generally have a poor resolution and low speed. Although some interrogation techniques, such as the use of an edge filter [14] , tunable filter [15] and interferometric scanning scheme [16] have been investigated to improve the sensing performance for the fiberoptic sensors, it seems difficult to achieve the high-speed and high-resolution interrogation simultaneously in monitoring wavelength shifts or optical power changes. Thus, it is highly anticipated to propose an RH sensor which can simultaneously satisfy the requirements of fast interrogation speed, high resolution, high sensitivity and the capability of working in harsh environments for commercial sensing applications.
In recent years, fiber optic sensors using optoelectronic oscillator (OEO) technology have been widely investigated with growing interests [17] . Typically, an OEO has a hybrid feedback loop, which is composed of a laser diode, a modulator, a fiber delay line, a photodetector (PD), an electrical bandpass filter and an electrical amplifier (EA) [18] . In general, the electrical filter in an OEO can be replaced by a microwave photonic filter (MPF) for generating high performance microwave signals with wide tunability and low phase noise [19] - [21] . Moreover, thanks to the new potentials provided by the MPF for sensing applications, the MPF-based OEO is highly appropriate for sensing since it maps the sensing parameters to the change of the frequency in microwave domain, where the electrical spectrum analyzing and digital signal processing (DSP) techniques can be applied to achieve high-speed and high-resolution interrogation. Various OEO-based sensing and measurement systems have been proposed, including temperature sensor [22] , strain sensor [23] - [25] , transverse load sensor [26] , refractive index sensor [27] , [28] , vibration sensor [29] , angular velocity sensor [30] and magnetic field sensor [31] .
In this paper, we propose a high-sensitivity RH sensing system with potential high interrogation speed based on an OEO. The key component of the sensor is the polyvinyl alcohol-Fiber Bragg grating-Fabry Perot (PVA-FBG-FP) filter, which is an FBG-FP filter coated with a PVA film. In the OEO, an MPF composed of the PVA-FBG-FP filter, laser source, phase modulator (PM) and PD is employed to select the oscillating frequency of the OEO. The center frequency of the MPF is determined by the difference between the narrow notch of the PVA-FBG-FP filter and the laser source frequency. When the RH changes, the volume change of the PVA film is converted into strain on the FBG-FP filter, causing the shift of the notch wavelength of the PVA-FBG-FP filter. Thus, the frequency of the OEO oscillating signal will change. In addition to the RH, the PVA-FBG-FP filter is also influenced by the external temperature change. Therefore, it is important to have a detailed knowledge of the temperature responsivity when designing the RH sensor. In this paper, we address this issue by analyzing the temperature characteristic of the PVA-FBG-FP filter in an incubator with controlled temperature. The relationship between microwave signal frequency and the RH or temperature is investigated theoretically and experimentally. The RH sensitivity of 508.3 MHz/%RH and temperature sensitivity of 1.8118 GHz/ • C are achieved, respectively. Figure 1 (a) illustrates the schematic of the proposed RH and temperature sensor based on OEO. A light wave generated by a tunable laser source (TLS) is sent to a PM via a polarization controller (PC), where the PC is used to align the light signal to the principle axis of the PM. At the output of the PM, the phase-modulated signal is sent to the PVA-FBG-FP filter through an optical circulator (OC). The reflected signal is converted to an electrical signal by using a PD. The generated electrical signal is split into two parts via a power divider, one part is monitored by an electrical spectrum analyzer (ESA), and the other part is amplified by an EA and fed back to the PM to form an OEO loop. It is known that if the phasemodulated signal is directly detected by the PD, the beatings between the optical carrier and the ±1st order sidebands will cancel each other and therefore no microwave signal can be recovered. However, if one of the sidebands is filtered out by narrow notch response of the PVA-FBG-FP filter, the phase modulation to intensity modulation conversion (i.e., PM-IM conversion) would occur and a microwave signal would be generated at the output of the PD. The frequency of the generated microwave signal corresponds to the frequency difference between the optical carrier and the narrow notch, which is given by [19] 
II. PRINCIPLE
where f c and λ c denote the frequency and the wavelength of the optical carrier, f n and λ n represent the frequency and the wavelength of the notch of the PVA-FBG-FP filter. n eff is the effective refractive index of the fiber and c is the velocity of light in vacuum. Thus, it can be seen that the TLS, PM, PVA-FBG-FP filter, and PD jointly constitute an MPF. Figure 1 
shows the principle of the RH sensor, which is realized by a single-passband MPF based on PM-IM conversion in a PVA-FBG-FP filter. Note that the microwave frequency f m is the center frequency of the MPF as well as the oscillating signal frequency of OEO. In our proposed method, the FBG-FP filter, both acted as a sensor unit and a part of the single passband MPF, is coated with a PVA film. The notch wavelength of the PVA-FBG-FP filter is related to the grating pitch and the effective refractive index of the fiber. These two factors will change with the variation of the external temperature or strain. When the RH gradually increases, the PVA film expands, and this expansion is converted into strain on the PVA-FBG-FP filter, causing the notch wavelength of the PVA-FBG-FP filter to shift. The RH induced strain ε RH is linear with the RH variation RH, which can be expressed as ε RH =k· RH, where k is a coefficient proportional to the moisture expansion constant of the PVA film. The shift of the notch wavelength of the PVA-FBG-FP filter caused by the external temperature variation T and the RH variation RH can be expressed as [32] 
where p e (≈0.22) is the elastic-optic coefficient of optical fiber, α p is the linear thermal expansion coefficient of the PVA film, ξ (≈7×10 −6 / • C) and α F (≈0.5×10 −6 / • C) are the thermo-optic and thermal expansion coefficients of the fiber, respectively.
It can be seen from Eq. (2) that the central wavelength change of the notch of PVA-FBG-FP filter is linear with the variation of the temperature or RH. When the RH changes and the external temperature remains constant (i.e. T = 0), the frequency change of the microwave signal generated by OEO can be expressed as
Similarly, when the external temperature changes and the RH is constant (i.e. RH=0), the frequency change of the microwave signal generated by OEO can be expressed as According to Eq. (3) and Eq. (4), the frequency of the microwave signal generated by OEO changes linearly with the environmental temperature or RH. Therefore, by measuring the frequency of the microwave signal, the variation of the RH or temperature can be measured.
III. EXPERIMENT RESULITS AND DISCUSSION
An experiment is performed according to the setup shown in Fig. 1 . The main components with key parameters in the experiment are given as follows: a TLS (Agilent 8164A) is used to generate the light signal. The PM (EOSPACE) has a 3-dB bandwidth of 10 GHz and a half-wave voltage of 3 V. The gain and bandwidth of the EA (SHF 806E) are 26 dB and 38 GHz, respectively. The bandwidth of the PD is 10 GHz. The detailed fabrication processes of the proposed PVA-FBG-FP filter is as follows: 1. The FBG-FP filter is made up of two identical FBGs which are directly written in a hydrogen-loaded fiber using a phase mask exposed under a 248 nm KrF excimer laser. The used phase mask has a length of 14 cm and a period of 1068 nm. The distance of the two FBGs is controlled by switching the excimer laser and changing the writing position in order to introduce an equivalent phase shift at the center of the filter. 2. A PVA solution with a concentration of about 8% is prepared by using PVA flocculent solids (PVA 1750, Beijing Yili Fine Chemicals, Ltd, China). 3. The FBG-FP filter is wiped with alcohol and placed in a glass mold with a groove, as shown in Fig. 2 . The fiber is tightened and fixed to the ends of the glass mold to ensure that the FBG-FP filter is stretched slightly. 4. The prepared PVA solution is poured into the mold. Note that the surface of the solution needs to remain absolutely smooth. Then, it is placed in a ventilated place for more than 10 hours to ensure that the PVA film is completely dry and tightly bonded to the fiber. 5. The dried PVA film is cut leaving a width of 1 mm on both sides of the fiber. The length of the fabricated PVA film is about 3 cm. The PVA film coated by this method is relatively uniform, which can improve the sensor performance for monitoring the RH. Figure 3 illustrates the reflected spectrum of the PVA-FBG-FP filter measured by an OSA (APEX, AP2051A) with a wavelength resolution of 5 pm. There are three notches, and we choose the narrowest one notch 2 with a center wavelength of 1546.201 nm and a 3-dB bandwidth of about 120 MHz. Note that the depth of the narrow notch should be deeper than the displayed depth shown in Fig. 3 , which is limited by the OSA resolution. Even if the MPF used in the OEO contains several oscillating modes within the 3-dB bandwidth of 120 MHz, a single mode oscillation can also be formed eventually thanks to the mode competition [33] . The carrier wavelength of TLS is set as 1546.183 nm, which is closer to the notch 2 at 1546.201 nm. And the frequency differences between the carrier and other two notches are greater than 10 GHz, which exceed the bandwidth of PM and PD. Therefore, although the FBG-FP filter has three notches, OEO single-mode oscillation can be guaranteed, whose oscillating frequency is only determined by the notch closest to the carrier frequency we set (i.e., notch 2). The maximum single-mode oscillating frequency is limited as the half of the frequency spacing between the notches 1 and 2 (i.e., 7.5 GHz), due to the fact that the light wave is double-sideband modulated through phase modulator by the oscillating signal, and the oscillating signal in this frequency range cannot be affected by other notches.
For the RH sensing, the sensing head is placed in an incubator (WT1-180/40, Weiss Technik) to maintain the temperature at 24 • C during the measurement. A humidifier is used to produce different RH conditions, and a hose is used to pass the water vapor from the humidifier into the incubator. Note that the hose outlet cannot be aligned directly with the sensing head. A high-precision temperature and humidity meter (Resolution: 1%, WSB-1-H2, Zhengzhou Boyang Instrument, Ltd, China) is used for the RH measurement as a reference, which is placed next to the sensing head. To ensure that the change of the RH has no effect on the temperature around the sensing head, the water temperature in the humidifier is controlled to guarantee that the water vapor temperature at the hose outlet is same as the incubator. In order to further verify that the RH variation has no effect to the temperature in the incubator, we firstly implement an experiment using an uncoated FBG-FP filter as the sensing element. The test results are shown in Fig. 4 . It can be seen that the frequency of the microwave signal does not change with the RH variation. Therefore, it can be verified that the uncoated FBG-FP filter is insensitive to the change of the RH, and the change of the RH does not affect the temperature in the incubator.
Then, the experiment with the PVA-FBG-FP filter is implemented, and the water temperature in the humidifier is adjusted to be the same as the previous experiment. During the experiment, to ensure that the microwave signal frequency is always within the range of the OEO oscillating bandwidth which is limited by the optoelectronic components in the OEO loop, the wavelength of the TLS is tuned when the RH-induced frequency variation of the microwave signal exceeds the range of the OEO oscillating bandwidth. Thus, the range of measurement is enlarged dramatically. Four sets of measurements are performed in the RH range of 16% to 44%. Figure 5 shows the superimposed spectra of the microwave signals measured by the ESA (Agilent N9010A, 9 kHz-26.5 GHz) at different RHs. When the RH increases, the frequency of the generated microwave signal is linearly shifted to a higher frequency. Figure 6 shows the relationship between the RH and the frequency of the microwave signal, and linear fitting is done for the four sets of RH measurement in the range of 16%-25%, 25%-31%, 32%-38% and 38%-44%, respectively. The measured sensitivities are 501 MHz/%RH with a correlation coefficient (R 2 ) of 0.9985, 504.8 MHz/%RH with an R 2 of 0.9931, 510.4 MHz/%RH with an R 2 of 0.9983 and 517 MHz/%RH with an R 2 of 0.9964, respectively. It can be seen that the average RH measured sensitivity can reach as high as 508.3 MHz/%RH, and the difference between the maximum sensitivity and the minimum sensitivity is about 16 MHz/%RH. Finally, the temperature sensing characteristics of the proposed OEO-based sensor are investigated using a PVA-FBG-FP filter and an uncoated FBG-FP filter as the sensing element, respectively. The temperature is measured by adjusting the temperature in the incubator, and the RH is maintained at 16%. Figure 7 (a) and (c) show the superposed spectra of the generated microwave signals at different temperatures. As the temperature increases, the frequency of the microwave signal is linearly shifted to a higher frequency. Figure 7(b) and (d) show the relationship between the frequency of the microwave signal and temperature. It can be seen the sensitivities of the sensing system using a PVA-FBG-FP filter and an uncoated FBG-FP filter are 1.8118 GHz/ • C with an R 2 of 0.9986 and 1.15 GHz/ • C with an R 2 of 0.9989, respectively. Therefore, it can be inferred that the thermal expansion of the PVA film increases the temperature sensitivity of the FBG-FP filter.
Since the sensitivity of the measurement is highly dependent on the coating process, the same FBG-FP filter is coated three times, and the cutting widths of the film left on both sides of the fiber are 0.8 mm, 1 mm and 1.5 mm, respectively. The measurement results are shown in Fig. 8 . The sensitivities of the three measurements are 350.3 MHz/%RH, 510.4 MHz/%RH and 280.3 MHz/%RH, respectively. It can be seen that the sensing head with a cutting width of 1 mm has a much higher sensitivity than the sensing head with a cutting width of 0.8 mm, while the sensitivity is reduced when the cutting width is 1.5 mm. The possible reasons for this result are described as follows: as the cutting width of the film increases, the hydrophilic groups contained in the unit length of the film increase, and the capacity of water absorption of the film is stronger. Thus, the sensitivity of the RH measurement will increase. However, the excessively wide cutting width hinders the conversion of the film expansion to the strain on the fiber. Consequently, the sensitivity of the RH measurement will decrease. In addition, the sensitivity of the sensor may be also related to the thickness of the film. Thus, we will conduct further research and analysis in the subsequent work.
The resolution and accuracy of the proposed RH sensor are also evaluated. Theoretically, the resolution of the sensor is limited by the free spectral range (FSR) of the OEO loop, and the accuracy is related to the frequency stability of the OEO. As shown in Fig. 9 , the FSR of the demonstrated OEO sensor is measured to be about 5.97 MHz with a side-mode suppression ratio of 43.8 dB, leading to an RH resolution as low as 0.012%. It can be seen from the Fig. 10 , the maximum frequency offset in 10 mins is below 180 kHz, leading to an RH accuracy of 0.00035%. Since the FSR is inversely proportional to the fiber loop length of the OEO, the resolution can be greatly improved by increasing the fiber loop length. In addition, the phase noise performance can also be improved by increasing the loop length. As for the proposed OEO sensor, the phase noises with the loop lengths of 34.2 m and 2.1 km are −80 dBc/Hz and −101 dBc/Hz at 10 kHz offset frequency, respectively. However, a longer loop will reduce the FSR of the OEO, then the stability of the OEO and the measurement accuracy will be deteriorated. Therefore, in the sensing experiment, it is designed to trade off an appropriate loop length to achieve both high accuracy and high resolution.
It is worthy to note that the speed of the proposed RH sensing system is determined by the scanning rate of the ESA used in our experiment. However, if the frequency is monitored by a DSP unit, the speed can be greatly increased. In addition, our proposed OEO-based sensor can achieve the simultaneous measurements of the RH and temperature by cascading an uncoated FBG-FP filter, similar to the structures that have already proposed [24] , [31] . For the proposed OEO in a short-term sensing, the frequency hopping has not occurred. For a long-term RH sensing, the stability of the OEO can be improved from two aspects, one is to reduce the bandwidth of the MPF passband by designing and fabricating the FBG-FP filter with ultra-narrow notch, and the other is to increase the FSR of the OEO by employing a doubleloop or cascading MPFs structure in OEO, etc. Moreover, a feedback control loop can be adopted to adjust the loop delay of the OEO in real time, which can also promote the frequency stability and sensing performance [34] .
IV. CONCLUSION
In summary, we have proposed and experimentally demonstrated an OEO-based RH and temperature sensor comprising a PVA-FBG-FP filter. The special feature of our work is the combination of the fiber-optic RH sensing technology and OEO technology. Thanks to the unique advantages of the fiber-optic sensor, the proposed sensor can meet the operation requirement in harsh environment. The proposed OEO sensing structure maps the RH and temperature information into the microwave domain, which greatly improves the resolution and interrogation speed of optical fiber sensors. In addition, multiple sets of measurements are implemented by adjusting the frequency of TLS, so that the measurement range is enlarged dramatically and beyond the OEO oscillating bandwidth limitation. A high-sensitivity sensing system with the RH sensitivity of 508.3 MHz/%RH and the temperature sensitivity of 1.8118 GHz/ • C has been achieved. NAIHAN 
